The chemical evolution of the Milky Way is investigated using a dual-phase metal-enriched infall model in which primordial gas fuels the earliest epoch of star formation, followed by the ongoing formation of stars from newly accreted gas. The latest metallicity distribution of local K-dwarfs is reproduced by this model, which allows the Galactic thin disk to form from slightly metal-enriched gas with α-element enhancement. Our model predicts ages for the stellar halo and thin disk of 12.5 and 7.4 Gyr, respectively, in agreement with empirically determined values. The model presented in this paper is compared with a similar dual-phase infall model from Chiappini et al. (2001) . We discuss a degeneracy that enables both models to recover the K-dwarf metallicity distribution while yielding different star formation histories.
Introduction
The metallicity distributions of stars in different environments yield important information about the age and formation history of stellar systems. Particular attention dance ratios. Section 2 outlines the features of the model, while Section 3 describes the adopted stellar nucleosynthetic prescriptions. The predicted K-dwarf metallicity distribution is presented in Section 4.1, where it is compared against the measured K-dwarf MDF in order to infer the possible formation history of the Galaxy. In Section 4.2 are shown results from a study into the effect of finite stellar lifetimes on the measured MDFs of populations in different star forming environments.
The Model

Infall scheme
Our Galactic evolution model assumes two main formation phases. The formation of halo stars is associated with the first episode of infalling material, while the second phase leads to disk formation. To aid the comparison with other dual-phase Galactic chemical evolution studies the model is restricted to simulate two rather than three infall phases. The thick disk is assumed to correspond to a merger heated thin disk and is therefore chiefly associated with the early stages of the second formation epoch. The difficulty inherent in using this kind of dual-phase model to describe a three component system is further discussed in Section 4.1. Simulating the evolution of a separate thick disk component will be explored in forthcoming work.
The initial phase of star formation occurs on a timescale of ∼ 0.5 Gyr and enriches the initially primordial gas to a metallicity of [Fe/H]≈−1.2. The second formation phase is delayed by 1 Gyr with respect to the first phase and has a more protracted star formation history; High-Velocity Clouds (HVCs) may represent the present-day source of this Galactic star formation fuel. Drawing on observations of the chemical composition of these clouds (Wakker et al. 1999; Gibson et al. 2001; Sembach et al. 2002) , the second accretion phase assumes the gas is slightly metal-enriched (Z = 0.1 Z ⊙ ) with an enhancement of α-elements relative to iron. The adopted value of [α/Fe] = +0.4 is consistent with α/Fe ratios found in metal-poor stars (e.g. Ryan, Norris & Beers, 1996) . The precise dependence of key observational constraints on the assumed chemical composition of the infalling gas will be presented in a forthcoming paper (Fenner & Gibson 2003) .
After Chiappini et al. (1997) , we assume that the rate at which material is accreted during these phases declines exponentially. The evolution of total surface mass density σ tot (r, t) is given by
where the infall rate coefficients A(r) and B(r) are chosen in order to reproduce the present-day surface mass density of the halo and disk components, which we take to be 10 and 45 M ⊙ pc −2 , respectively. These values are comparable with 17 and 54 M ⊙ pc −2 used by Chiappini et al. (2001) . The adopted timescales for the infall phases are τ H = 0.5 Gyr and τ D = 7.0 Gyr at the solar radius r ⊙ = 8 kpc. The "inside-out" functional form for τ D (r) (Romano et al. 2000 ) is adopted, with the Milky Way age taken to be 13 Gyr.
Star formation formalism
We adopt a star formation prescription which is based upon the hypothesis that star formation is triggered by the compression of interstellar material from spiral arm motion (e.g. Prantzos & Silk 1998) . This implies that the star formation rate (SFR) is proportional to the angular frequency of the spiral pattern and therefore inversely proportional to radius. The star formation law incorporated in this model is given by
where the value of the efficiency factor ν is constrained by the present day gas fraction.
Initial mass function
The shape of the stellar initial mass function (IMF) influences the quantity of Galactic material locked up in stars of different masses, which in turn determines the rate at which different elements are released into the interstellar medium. The models presented in Section 4.1 use the Kroupa et al. (1993) three-component IMF. With respect to the Salpeter (1955) and Scalo (1986) IMFs, this function has a steeper slope for high masses, resulting in less material being processed by massive stars. We impose an upper mass limit of 60 M ⊙ on stellar formation in order to recover the observed trend of [O/Fe] at low metallicity (e.g. Carretta et al. 2000 , Melendez et al. 2001 while avoiding the overproduction of oxygen.
Properties of the halo, thick disk, and thin disk components
The ratio of the local number density of thick disk to thin disk stars lies between 1% and 6% . Both disk components are well-fitted in vertical height, z, with exponential functions. Taking the thick and thin disk scale heights to be 1 kpc and 330 pc, respectively , the ratio of the thick to thin disk surface densities lies between 2% and 20%. The local stellar density of halo stars relative to thin disk stars is only ∼ 0.1% with a mean metallicity of [Fe/H] = −1.7 (Norris & Ryan 1991) , while thick disk stars have typical metallicities in the interval −0.4 < [Fe/H] < −1.2 with a mean of −0.7 In order to recover the observed behaviour of elemental abundance ratios, the instantaneous recycling approximation has been relaxed. Mass and metallicity-dependent lifetimes were taken from Schaller et al. (1992) .
Massive stars
The present work incorporates an updated set of stellar yields from Limongi et al. (2000; , supplemented with a finer mass coverage grid (kindly provided by Marco Limongi), covering a range of stellar initial masses and metallicities (13<m/M ⊙ <80 and Z/Z ⊙ =0, 10 −3 , 1). Stellar yields are one of the most important ingredients in Galactic chemical evolution models, yet questions remain concerning the composition of ejected material, owing to the uncertain role played by processes such as mass loss, rotation, fall-back, and the location of the mass cut in supernovae, which separates the remnant from the ejected material.
The amount of iron released in supernova explosions of massive stars is particularly sensitive to fall-back and the location of the mass cut. There are few supernova observations with which to directly infer the amount of iron ejected. We have therefore taken the opposite approach of using the observed trend of abundance ratios to indirectly constrain iron yields. The Limongi et al. (2000; yields are presented for a range of mass cuts, allowing a self-consistent treatment of all yields (c.f. Goswami & Prantzos 2000; Argast et al. 2002) . We have found that the trend of [O/Fe] with [Fe/H] is best recovered by suppressing the ejection of iron in stars more massive than about 30 M ⊙ . This leads to a smaller contribution to the interstellar iron abundance from Type II supernovae than is obtained from the canonical Woosley & Weaver (1995) model. A preliminary relationship between the mass cut and iron yield was presented in Fenner, Gibson & Limongi (2002) ; a full accounting will be provided in Fenner & Gibson (2003) .
Low-and intermediate-mass stars
The metallicity-dependent yields of Renzini & Voli (1981) were used for stars in the 1 ≤ m/M ⊙ ≤8 range. Yields for stars with masses between 8 M ⊙ and 13 M ⊙ were estimated by interpolating between the highest mass in Renzini & Voli and the lowest mass in Limongi et al (2000; . It should be noted, however, that it is not yet clear whether stars in the range 8 < m/M ⊙ < 13 contribute to interstellar enrichment, or whether the processed material becomes trapped in the remnant following corecollapse.
Type Ia supernovae
The yields for Type Ia SNe were taken from the W7 model of Thielemann et al. (1993) . The fraction of binaries resulting in Type Ia supernovae was fixed by requiring that the model reproduce the local age-metallicity relation; a fraction of 3% was adopted, leading to model predictions consistent with observation. Type Ia supernovae supply about one half of the interstellar iron abundance in this model.
Results
The solar neighbourhood
The predicted star formation rate in the solar vicinity (solid line) is shown as a function of time in the upper panel of Figure 1 along with the range of measured values (vertical bar ). The star formation rate in the halo peaks at almost 3 M ⊙ pc −2 Gyr −1 after 500 Myr. The predicted present day rate of star formation in the thin disk of 2.7 M ⊙ pc −2 Gyr −1 agrees with observations (Chiappini et al. 2001 ) and is about 2.5 times lower than the maximum rate of star formation which occurred ∼ 10 Gyr ago, 2-3 Gyr after the onset of the second infall phase.
The dotted line in the upper panel of Figure 1 depicts the star formation rate given by the Chiappini et al. (2001) dual-phase Galactic chemical evolution model. Like the Milky Way model presented in this paper, the Chiappini et al. model is consistent with many observational constraints, including the Kotoneva et al. (2002) empirical MDF. Despite both models satisfying key empirical constraints such as the K-dwarf metallicity distribution, they do predict very different properties for the halo, thick disk, and thin disk components of the Milky Way. This is largely a consequence of different star formation rates in the earliest epoch of Galactic evolution. The predicted number of stars born during the first billion years differs by a factor of 2.5 between the two models, whereas the total number of stars formed differs by less than 20%. The higher initial rate of star formation in Chiappini et al. leads to a more rapid enrichment of the interstellar medium, when compared against the model presented here. The implications of these differences in terms of the Milky Way's stellar components are quantified further below. While most authors measure the peak of the local G-dwarf metallicity distribution to lie between -0.2 and -0.3 dex (e.g. Rocha-Pinto & Maciel 1996) , there is still not complete agreement. Haywood (2001) found that the MDF of a colorselected sample was centered on solar metallicity, however Kotoneva et al. showed that a bias toward metal-rich stars might arise due to a systematic trend between metallicity distribution and stellar color.
The complete absence of stars with [Fe/H] < −1 in the Kotoneva et al. (2002) sample is not reproduced by our model (solid curve). In Chiappini et al. (1997; and Kotoneva et al. (2002) , any low-metallicity tail in the theoretical MDF is suppressed by neglecting either: 1) stars with [Fe/H] < −1.2 (e.g. Chiappini et al. 1997; Kotoneva et al. 2002) ; or 2) stars born before t = 1 Gyr (which effectively ignores stars with [Fe/H] < −0.6) (e.g. Chiappini et al. 2001 ). In comparison, we have included all long-lived stars in the metallicity distribution function. Stars with [Fe/H] < −1.2 represent a very small fraction of present-day stars in the Chiappini et al. model due to their strong initial burst of star formation. Efficient, early, star formation leads to a metallicity [Fe/H] = −1.2 being reached on a very short timescale (< 0.1 Gyr). Such rapid initial enrichment is one of the main differences between the present model and that of Chiappini et al. We assume a more moderate initial phase of star formation, leading to a metal-poor tail (i.e. [Fe/H] < −1.2) in the MDF which contains ∼ 4% of the stars. The age associated with this metal-poor tail is 12.5 Gyr, while the median age of our predicted thin disk dwarfs is 7.5 Gyr. This is in excellent agreement with Hansen et al. (2002) who derive ages of 7.3 ± 1.5 Gyr and 12.7 ± 0.7 Gyr for Galactic thin disk white dwarfs and for the halo globular cluster M4, respectively.
The age-metallicity relation (AMR) for our dual-infall model is shown in Figure 2 Their halo/thick disk accumulates on a timescale of 2 Gyr in the 1997 model, with a 2 Gyr delay before the thin disk starts to form. In the later model, these timescales are shortened to ∼1 Gyr, giving rise to an even steeper AMR than in the 1997 paper. The kink seen in the Chiappini et al. AMR is due to the metallicity of the ISM becoming diluted when the second phase of infall commences at 1 Gyr. It is not until the thin disk gas surface density reaches a threshold of 7 M ⊙ pc −2 that Chiappini et al. allow thin disk stars to form. No such star formation threshold is incorporated in our model.
We wish to stress that caution must be employed when drawing conclusions regarding the nature of three stellar population components of the Milky Way (thin disk, thick disk, halo), when the models are inherently limited by their dual-infall nature. That said, if one adopts a chemical criterion of −1.0 < [Fe/H] < −0.5 for the definition of "thick disk", then the age of the thick disk predicted under the Chiappini et al. formalism would be centered upon 12.5 Gyr, with a vanishingly small age-spread (< 0.2 Gyr), and possess kinematics closely aligned with the first of the infall phases (i.e. the halo). Conversely, the thick disk predicted under our formalism would be 2-3 Gyr younger, with an age-spread an order-of-magnitude larger (∼ 2 Gyr), and possess kinematics more closely resembling those of the second infall phase (i.e. the disk). The Kotoneva et al. (2002) sample of solar neighborhood K-dwarfs identified only 2 of 431 stars as having halo kinematics. Thus halo stars are rare, whereas the Chiappini model would associate a large fraction of stellar mass with the halo component.
In the Chiappini et al. model of Galaxy formation, the first infall phase is associated with the formation of the halo and thick disk. Thus these components are coeval and form prior to, and independently of the thin disk. In such a scenario, the thick disk would have little dispersion in age and the stars would exhibit primarily halo kinematics. The model presented here associates the first infall phase with the build up of the halo. In contrast with Chiappini et al., the formation of the thick disk overlaps with the early evolution of the thin disk (during the second infall phase). Our thick disk, as defined by metallicity, would have predominantly disk-like kinematics and a broader range of ages.
While both formalisms clearly have problems in describing a three-component system, we favour the scenario presented in this paper, in which the intermediate metallicity population (thick disk) has a typical age several Gyrs younger than the halo (as inferred by observation -e.g. Chayboyer et al. 2000; Ibukiyama & Arimoto 2002) and kinematics akin to that of disk-like population, and not a rapid-collapse halo population. In that sense, our model is more consistent with the favored model of Galactic thick disk formation whereby an existing stellar thin disk "puffs up" during the process of a merger (e.g. Wyse 2001).
Lifetime effects and MDFs in external galaxies: A note of caution
Recent progress has been made in measuring the metallicity distribution in the stellar halos of external galaxies (e.g. Durrell et al. 2001; Harris & Harris 2000 . The observed metallicity distribution of these systems, which presumably formed early and on a short timescale, is likely to be biased by the effect of finite stellar lifetimes. In an attempt to quantify the discrepancy between the observed and "true" MDF due to lifetime effects, we constructed a "toy" model of the NGC 5128 halo using the chemical evolution code described in this paper. This NGC 5128 halo model has some key differences with respect to the Milky Way model described in this paper. The main differences are: a single phase of star formation; a shorter formation timescale (∼ 1 Gyr); and initial composition of gas is primordial.
In stellar systems such as halos, a significant fraction of stars classified as G-dwarfs may have evolved off the main-sequence. This has the effect of preferentially removing older and therefore more metal-poor stars from the observed present-day G-dwarf population. In a similar way, the metal-poor tail in the measured G-dwarf MDF is further suppressed by the shorter lifetimes of low mass, metal-poor stars (e.g. Schaller et al 1992) . On the other hand, the disk of our own Galaxy has a more extended star formation history, with the lengthier timescale and the higher proportion of young to old stars acting to mitigate the "loss" of G-dwarfs from the present-day MDF.
In Figure 3 , the star formation history of the Milky Way disk is compared with a more burst-dominated star formation history, which we here assume to be representative of ellipticals (or pure halo systems). The bulk of the stars in this burst model are born during the first 1.5 Gyr, after which the gas supply is depleted and the star formation rate declines rapidly. Conversely, it takes > 5 Gyr for the majority of stars to form in the disk model. Figure 4 shows the predicted MDF of truly long-lived stars (black lines) and Gdwarfs (defined as having masses in the range 0.8 < m/M ⊙ < 1.4) (gray lines) for the halo (dashed lines) and Milky Way (solid lines) models. The observed MDF of the NGC 5128 outer halo (Harris & Harris 2002 [Fe/H] . The black lines show the MDF that is expected if all G-dwarfs had lifetimes longer than the age of the galaxy (i.e., masses m<0.8 M ⊙ ). These curves have been normalised to contain the same area as the histogram. The gray curves show the MDF that would be measured if the mass range of stars in the sample is 0.8 < m/M ⊙ < 1.4. These have been normalised to reflect the loss of stars in each metallicity bin owing to evolution off the main-sequence. The dotted line also shows the finite lifetime halo model MDF, scaled to illustrate the fit to the data. The loss of stars from a present-day sample of G-dwarfs can be seen to narrow the MDF and shift the distribution toward higher metallicities. While evident in both models, this behaviour is more pronounced in environments such as halos, where the bulk of the stars presumably formed >10 Gyr ago.
By ignoring lifetime effects, one can overestimate the true mean metallicity of longlived stars. To gauge the magnitude of this effect, we plot the cumulative metallicity distribution in Figure 5 . For this particular halo model, mass-dependent stellar lifetimes serve to shift the median metallicity of the population by ∆[Fe/H]=+0.3.
Conclusions
We have reproduced the metallicity distribution of nearby K-dwarfs using a model in which the Milky Way formed during two accretion episodes. Several key differences between this and other dual-phase infall models are (i) the assumption that the thin disk formed from metal-enriched α-enhanced extragalactic material, (ii) the adoption of a new comprehensive set of stellar yields from Limongi et al. (2000; for calculating the contribution to the enrichment of the ISM from massive stars, and (iii) a more gentle initial phase of (halo) star formation, resulting in a shallower (but still observationally consistent) age-metallicity relation.
Taking the stellar halo as having [Fe/H] < −1.2 we predict that this component has an age of 12-13 Gyr and formed on a timescale of ∼1 Gyr. If stars with metallicity −1.0 < [Fe/H] < −0.5 are assigned to the thick disk, then the median age of this population is predicted to be ∼10 Gyr with a greater scatter in ages (∼ ±2 Gyrs) than for the halo. The age difference of ∼ 5 Gyr between the halo and thin disk in our model is consistent with empirical estimates based upon white dwarf luminosity functions (Hansen et al. 2002) .
The model presented in this paper was compared with a similar dual-phase infall model from Chiappini et al. (2001) that also reproduces the observed K-dwarf metallicity distribution. We showed that even though differences in the rate of star formation in the early Galaxy might not be apparent in present-day observables such as the MDF, they do lead to different predictions for the ages and kinematics of the halo, thick, and thin disk components. This degeneracy is inherent in dual-infall models when applied to the modeling of three-component systems. The age-metallicity relation (AMR) in the solar neighbourhood predicted by our model (solid curve) and by Chiappini et al. (2001 -dotted line) . While similar present-day iron abundances are predicted by both models, in Chiappini et al. the ISM is polluted on a much shorter timescale. Our model assumes a Galactic age of 13 Gyr, whereas Chiappini et al. (2001) take a value of 14 Gyr. In comparing the two AMRs, we have shifted the Chiappini et al. curve by 1 Gyr such that both models span 13 Gyr. The black dashed line corresponds to the metallicity distribution of long-lived stars, while the gray dashed line shows the expected observed MDF for a sample of stars in the mass range 0.8<m/M ⊙ <1.4, taking into account finite lifetimes. The median metallicity of a population corresponds to 0.5 on the vertical axis, as indicated by the horizontal dotted line. The evolution off the main sequence of older metal-poor G-dwarfs increases the median metallicity of the sample by ∼ 0.3 dex.
